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•  Indium  thin  films  are  evaluated  as 
anode  for  Li-ion  and  Na-ion  batteries. 

•  Anomalous  electrolyte  decomposi¬ 
tion  and  benefits  of  FEC  additive  are 
investigated. 

•  High  storage  capacity  (950  mAh  g-1) 
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Indium  thin  films  were  evaluated  as  an  anode  material  for  Li-ion  and  Na-ion  batteries  (theoretical  ca¬ 
pacities  of  1012  mAh  g-1  for  Li  and  467  mAh  g-1  for  Na).  XRD  data  reveal  that  several  known  Li— In 
phases  (Liln,  Li3ln2,  Liln2  and  Likins)  form  providing  950  mAh  g-1  reversible  capacity.  In  contrast,  the 
reaction  with  Na  is  severely  limited  (75—125  mAh  g_1).  XRD  data  of  short-circuited  cells  (40  h  at  65  °C) 
show  the  coexistence  of  Naln,  In,  and  an  unknown  NaxIn  phase.  In  electrodes  exhibit  anomalous  elec¬ 
trolyte  decomposition  characterized  by  large  discharge  plateaus  at  1.4  V  vs  Li/Li+  and  0.9  V  vs  Na/Na+. 
The  presence  of  5  wt%  fluoroethylene  carbonate  additive  suppresses  the  occurrence  of  the  electrolyte 
decomposition  during  the  first  cycle  but  does  not  necessarily  prevent  it  upon  further  cycling.  Prevention 
of  the  anomalous  decomposition  can  be  achieved  by  restricting  the  (dis)charge  voltages,  increasing  the 
current  or  by  using  larger  amounts  of  FEC.  The  native  surface  oxides  (I^C^)  are  responsible  for  the 
pronounced  electrolyte  decomposition  during  the  first  cycle  while  other  In3+  species  are  responsible 
during  the  subsequent  cycles.  We  also  show  that  indium  electrodes  can  exhibit  very  high  rate  capability 
for  both  Li  (100  C-rate)  and  Na  (30  C-rate). 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  growing  interest  in  sodium-ion  batteries,  it  is  crucial 
to  develop  suitable  anode  materials  to  couple  with  the  growing 
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body  of  known  Na-ion  cathodes  1].  One  of  the  challenges  in 
developing  suitable  Na-ion  anodes  is  the  significantly  different 
structures,  chemistries,  and  reaction  pathways  which  occur 
during  the  reaction  with  Na  compared  to  Li  [2—11].  Although  the 
end  compositions  of  Sn  (847  mAh  g-1)  and  Sb  (660  mAh  g_1) 
during  the  reactions  with  Li  and  Na  are  similar,  NaisSn4  and 
Li2i+5/i6Sn5  [2,3],  and  NasSb  and  LisSb  [4,5  ,  the  crystallographic 
structures  of  the  reaction  intermediates  and  end  members  are 
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very  different.  Another  striking  example  of  such  difference  is  Ge 
which  can  alloy  up  to  Lii5Ge4  with  Li  [6]  but  is  restricted  to  an 
amorphous  phase  with  a  composition  close  to  that  of  NaGe  with 
Na  [7  .  Similarly,  Si  can  alloy  up  to  LiisSU  [8,9  but  the  reaction  of 
Si  with  Na  has  been  predicted  to  be  severely  hindered  [10,11  ,  as 
we  observed  experimentally  (not  presented).  Intermetallics 
based  on,  for  example,  Si,  Sn  and  Sb  have  attracted  a  lot  of 
attention  for  Li-ion  batteries  thanks  to  their  better  cycle-life  and 
rate  performance  [9].  Our  group,  and  others,  have  focused  on 
exploring  the  suitability  of  Sn-  and  Sb-based  intermetallic  ma¬ 
terials  for  the  reaction  with  Na,  such  as  Cu6Sn5  [12],  AlSb  13], 
Cu2Sb  [14],  Mo3Sb7  [15],  and  SnSb  [16  to  enhance  the  capacity 
retention  and  rate  performance  of  the  electrode  material. 

As  part  of  this  pursuit  we  are  investigating  indium  based  an¬ 
odes.  Indium  (Z  =  49)  is  a  neighbor  of  Sn  (Z  =  50)  and  Sb  (Z  =  51 )  in 
the  periodic  table  of  elements,  which  may  help  us  to  understand 
the  reaction  chemistry  of  these  elements.  In  addition,  indium  has 
large  theoretical  capacities  with  Li  (1012  mAh  g-1,  Lii3In3)  [17]  and 
Na  (467  mAh  g-1,  Na2In)  [18],  making  it  a  potentially  interesting 
anode  material  for  both  Li-ion  and  Na-ion  batteries.  For  the  Li-In 
system  the  intermetallics  with  known  crystal  structure  are  Li0.3Ini.7, 
Liln,  Li5ln4,  Li3In2,  Li2In  and  Lii3In3  [17].  For  the  Na— In  system, 
crystal  compounds  Nai5ln274,  Na7Inn.6,  Naln  and  Na2In  have  been 
reported  [18].  Interestingly,  Vaughey  et  al.  suggested  that  the  line 
compounds  of  the  Li-In  phase  diagram  may  form  during  the 
electrochemical  reaction  of  In  with  Li  [19].  However,  to  the  best  of 
our  knowledge,  there  is  only  one  study  of  pure  indium  with  Li  [20]. 
This  work  was  realized  at  high  temperatures  on  a  limited  compo¬ 
sition  range  with  focus  on  the  transport  properties  and  did  not 
discuss  the  phase  transformations  or  the  performance  of  indium  at 
room  temperature  [20].  Other  works  have  focused  on  the  cubic  zinc 
blende  InSb  material  as  a  potential  anode  for  Li-ion  batteries  with 
high  capacity,  and  described  the  reaction  mechanism  using  in  situ 
XRD  and  in  situ  x-ray  absorption  spectroscopy  [21-23].  These 
works,  however,  did  not  focus  on  the  reaction  of  pure  indium  with 
Li.  Other  In-based  anode  materials  have  also  shown  some  prom¬ 
ising  properties  for  Li-ion  batteries,  such  as  the  oxide  ln203  [24]  or 
the  phosphide  InP  [25]. 

The  present  contribution  investigates  for  the  first  time  the 
fundamental  electrochemical  and  structural  properties  of  pure 
indium  during  the  reactions  with  Li  and  Na.  As  we  have  recently 
demonstrated  for  various  chemistries  discussed  above  [2,4,6- 
8,12-15],  the  use  of  thin  films  is  a  powerful  tool  to  elucidate 
the  intrinsic  properties  of  materials  during  electrochemical  re¬ 
actions.  Galvanostatic  cycling  and  quasi-equilibrium  measure¬ 
ments  using  the  galvanostatic  intermittent  titration  technique 
(GITT)  have  been  performed  on  thin  film  electrodes  to  determine 
the  dynamic  and  quasi-equilibrium  potential  profiles,  as  well  as 
to  measure  the  maximum  practical  storage  capacity  of  the  elec¬ 
trode  material.  The  data  shows  the  anomalous  decomposition  of 
the  carbonate  electrolytes  at  relatively  high  voltages  (1.4  V  vs.  Li/ 
Li+  and  0.9  V  vs.  Na/Na+),  which  is  well-known  for  Sn  anodes 
during  electrochemical  reactions  with  Li  and  Na  [2,3,26].  In 
addition,  we  demonstrate  that  the  right  amount  of  fluoro- 
ethylene  carbonate  (FEC)  electrolyte  additive  and  the  use  of 
appropriate  cut-off  voltages  are  essential  to  effectively  suppress 
the  electrolyte  decomposition  for  both  Li  and  Na  electrolytes.  In 
addition,  the  origins  of  the  anomalous  electrolyte  decomposition 
are  studied  using  Scanning  Electron  Microscopy  (SEM)  and  X-ray 
Photoelectron  Spectroscopy  (XPS).  Moreover,  the  reaction 
mechanism  of  indium  with  Li  and  Na  thoroughly  studied  by  ex 
situ  XRD  using  Mo  Ka  radiation  is  presented.  Finally,  the  electrode 
cycling  and  rate  performances  are  presented,  and  failure  mech¬ 
anisms  of  cycled  electrodes  investigated  post-mortem  using  SEM 
are  discussed. 


2.  Experimental 

Thin  films  were  grown  on  roughened  Cu  foils  by  DC  magnetron 
sputtering  of  a  homemade  indium  target  obtained  by  pressing  in¬ 
dium  shot  (Alfa  Aesar,  99.99%)  into  a  2"  diameter  disc.  Sputtering 
was  conducted  in  Ar  (99.9995%)  plasma  at  10  W  power  and 
20  mTorr  pressure  using  a  chamber  generally  pumped  down  to  a 
base  pressure  of  5  x  10-7  Torr.  Thin  films  were  weighed  with  10  pg 
precision  using  Sartorius  or  Mettler  balances.  Film  thickness  was 
back-calculated  based  on  an  expected  density  of  In  (7.30  g  cm-3). 

Electrochemical  characterization  was  conducted  at  25  °C  inside 
a  thermostated  incubator  using  2-electrode  coin  cells  (2032  hard¬ 
ware,  Hohsen)  prepared  inside  an  Ar-filled  glovebox.  The  cells 
consisted  of  pure  Na  (Sigma-Aldrich)  or  Li  (Alfa  Aesar)  as  counter 
electrodes,  glass  fiber  separators  impregnated  by  1  M  NaCICH  in 
anhydrous  PC  (Sigma— Aldrich)  or  1.2  M  LiPFg  in  dimethyl  carbonate 
(DMC)  and  ethylene  carbonate  (EC)  (Novolyte)  electrolyte  solu¬ 
tions,  and  In  thin  films  as  working  electrodes.  Unless  specified 
otherwise,  5  wt%  of  anhydrous  FEC  (Sigma-Aldrich)  was  added  to 
the  electrolytes.  Constant  current  (CC)  and  constant  voltage  (CV) 
cycling  was  performed  on  a  Maccor  4000  series  for  electrodes  with 
a  surface  area  of  0.97  cm2.  1  C-rate  current  corresponds  to  the 
current  required  to  (dis)charge  the  electrodes  in  1  h.  GITT  profiles 
were  measured  with  rest  periods  of  2  h. 

XPS  measurements  were  conducted  on  PHI  3056  spectrometer 
equipped  with  Al  Ka  source  (1486.6  eV)  operated  at  pressures 
below  10-8  Torr.  Samples  were  loaded  into  the  XPS  chamber  with 
an  air-tight  vacuum  transfer  system  after  rinsing  with  anhydrous 
DMC  (Sigma-Aldrich).  High  resolution  scans  were  acquired  at 
350  W,  23.5  eV  constant  pass  energy,  and  0.05  eV  energy  step,  and 
survey  scans  were  measured  at  350  W,  93.9  eV  constant  pass  en¬ 
ergy,  and  0.3  eV  energy  step.  The  binding  energies  were  adjusted  by 
setting  the  adventitious  carbon  signal  to  284.8  eV.  Surface  con¬ 
centrations  are  calculated  by  integrating  the  peaks  areas  and  using 
standard  atomic  sensitivity  factors  supplied  by  the  equipment 
manufacturer.  In203  powder  (99.997%,  Puratronic,  Alfa  Aesar)  and 
In  foil  (99.99%,  Alfa  Aesar)  were  measured  as  references. 

XRD  measurements  were  conducted  on  a  Bruker  D8  instrument 
equipped  with  Mo  Ka  radiation  onto  2  cm2  electrodes  of  ~3  pm 
starting  thickness  (equivalent  weight  around  4-5  mg).  Electrodes 
were  extracted  from  coin  cells  inside  an  Ar  glovebox  and  pressed 
onto  a  fiber  paper  to  remove  the  remaining  electrolyte.  With  Na, 
some  cells  were  short-circuited  at  room  temperature  or  inside  an 
oven  at  65  °C  for  40  h.  Samples  were  sealed  onto  a  glass  slide  with 
Kapton  tape  (25  pm),  sealed  inside  an  Ar-filled  pouch  bag  and 
transported  to  the  diffractometer,  as  performed  earlier  [2,4,7,12- 
15].  XRD  scans  were  acquired  for  a  total  time  of  80-100  min, 
typically  from  5  to  35°  20  (Mo  Ka),  with  0.03  or  0.04°  step  size  and 
6-8  s  step  time. 

SEM  micrographs  were  acquired  using  a  JEOL  JSM-6500F  Field 
Emission  SEM. 

3.  Results  and  discussion 

3.1.  Electrochemical  reaction  of  indium  with  Li 

The  as-prepared  films  consist  of  relatively  smooth  grains 
covering  the  rough  Cu  substrate,  softening  the  original  Cu  foil 
morphology  (Fig.  la).  XRD  reveals  quasi  phase  purity,  with  a  very 
small  amount  of  copper  indium  (Fig.  lb).  The  presence  of  copper 
indium  results  from  intermixing  between  Cu  and  In  during  the 
sputter  deposition.  Rietveld  refinement  of  the  XRD  pattern  gives 
lattice  parameter  values  of  a  =  b  =  3.247  A  (±0.001 )  and  c  =  4.939  A 
(±0.002)  for  tetragonal  I4/mmm  indium  crystal  structure.  This 
result  agrees  closely  with  values  a  =  h  =  3.251  A  and  c  =  4.945  A 
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Fig.  1.  Microstructural  and  surface  properties  of  the  starting  films  measured  with  SEM,  XRD,  and  XPS.  (a)  Representative  SEM  photograph,  (b)  XRD  pattern  of  films  deposited  onto 
roughed  Cu  foil,  and  (c)  In3d,  In4d,  and  Ols  XPS  core  level  spectra  for  pristine  films  stored  in  an  argon  glovebox,  pristine  films  stored  in  a  dry  (02)  box,  a  foil  exposed  to  air  for 
several  months,  and  ln203  powder. 


from  the  PDF  database  (PDF  01-085-1409).  Inspection  of  the  films 
by  XPS  (Fig.  lc)  shows  that  the  pristine  films,  stored  in  a  sealed  bag 
within  an  Ar  glovebox,  are  partially  oxidized  due  to  air  exposure 
after  preparation.  This  is  visible  from  the  In3d  core  level  spectrum 
and  is  further  supported  by  the  In4d  core  level  spectrum,  as 
compared  to  a  reference  In203  powder.  The  bulk  of  the  film,  how¬ 
ever,  has  a  metallic  character  evidenced  by  a  shoulder  around 
443.3  eV  in  In3d5/2,  the  presence  of  a  In3d5/2  shake-up  satellite 
around  455  eV  characteristic  of  the  metal  (In3d3/2  shake-up  sat¬ 
ellite  around  463  eV)  as  well  as  a  shoulder  near  16  eV  in  In4d.  In 
contrast,  an  indium  film  stored  in  a  dry  air  filled  box  containing  02 
has  a  larger  amount  of  oxide  formed  on  the  surface  and  signals 
mostly  corresponding  to  In203.  Similarly,  an  In  foil  stored  in  air  for 
several  months  is  almost  fully  oxidized  on  the  surface  with  only  a 
very  weak  shoulder  visible  around  16  eV  in  the  In4d  spectrum  to 
indicate  the  presence  of  metallic  In.  The  results  illustrate  that  the 
indium  surface  will  readily  oxidize  to  In203  when  exposed  to  air 
even  for  a  few  minutes,  which  is  significant  because  indium  oxides 
appear  to  strongly  affect  the  electrolyte  decomposition  (see  later). 

The  electrochemical  profile  of  cells  containing  Li  with  an  EC/ 
DMC  electrolyte,  cycled  from  0  to  2  V,  is  dominated  by  a  plateau  at 
1.4  V  (Fig.  2a)  during  discharge.  This  plateau  is  a  result  of  anomalous 
electrolyte  decomposition,  as  observed  for  pure  Sn  during  the  re¬ 
action  with  Li  [26]  or  with  Na  [2],  and  is  not  related  to  the  con¬ 
version  of  In203  normally  measured  at  1.2  V  24].  This  electrolyte 
decomposition  is  referred  to  as  anomalous  as  it  is  outside  the 
normal  electrochemical  window  of  decomposition  typically 
considered  below  1  V  vs  Li/Li+.  Moreover,  the  reaction  consumes  a 
large  amount  of  charge  and  importantly  limits  the  storage  capacity 
of  the  electrode  material  (Fig.  2a).  The  anomalous  reaction  was 


proposed  to  result  from  the  catalytic  activity  of  the  pure  metal  to 
importantly  promote  the  decomposition  of  the  electrolyte,  which 
could  eventually  be  suppressed  by  using  lower  charge  voltage  cut¬ 
off  or  higher  currents  26].  This  decomposition  has  been  thought  to 
result  in  the  formation  of  a  thick  surface  layer  which  eventually 
passivates  the  electrode  surface  and  block  Li  transfer  at  the  elec¬ 
trolyte  interface  26].  We  suspect  that  this  pronounced  reaction 
results  in  fact  from  the  catalytic  activity  of  the  native  surface  oxides 
for  a  given  salt/solvent  electrolyte  mixture.  Although  the  side  re¬ 
action  was  not  observed  for  pure  In203  films  cycled  in  1  M  LiC104  in 
propylene  carbonate  (PC)  [24],  the  absence  of  reaction  is  likely 
related  to  the  use  of  perchlorated  salts  in  PC,  which  do  not  seem  to 
favor  as  much  the  anomalous  electrolyte  decomposition.  This  hy¬ 
pothesis  is  supported  by  the  absence  of  an  anomalous  reaction 
between  Sn  thin  films  and  1  M  LiCICU  in  PC  [27]  whereas  the 
anomalous  decomposition  was  readily  observed  in  LiPF6-based 
electrolyte  [26]. 

One  way  to  suppress  the  pronounced  electrolyte  reaction  is  to 
increase  the  discharge  current  significantly  till  the  reaction  at  0.6  V 
is  reached  (not  presented).  Another  way  consists  of  incorporating 
the  FEC  electrolyte  additive  (5  wt%)  for  samples  stored  in  Ar,  and 
restricting  the  charge  voltage  to  1.1  V  prevent  the  anomalous 
electrolyte  decomposition  during  the  first  and  subsequent  cycles 
(Fig.  2b).  The  corresponding  potential  profile  exhibits  a  plateau  at 
0.6  V  during  discharge,  corresponds  to  1  Li/In,  followed  by  two 
successive  slopes  from  1  to  1.5  Li/In  centered  at  0.25  V,  and  a  large 
plateau  from  about  1.5  to  4.5  Li/In  centered  at  0.03  V  (Fig.  2b). 
During  charge,  the  profile  is  primarily  characterized  by  three  initial 
plateaus  (0.09  V,  0.13  V  and  0.25  V),  two  successive  slopes  (centered 
at  0.37  V),  and  a  final  plateau  (0.6  V).  A  comparative  analysis  of  the 
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Fig.  2.  Potential  profiles  of  indium  thin  film  electrodes  for  the  reaction  with  Li  at 
50  pA  cm-2  in  (a)  EC/DMC  and  (b)  EC/DMC/FEC  (5  wt%)  electrolyte  solutions.  Red  and 
blue  curves  are  for  the  1st  and  2nd  cycles  respectively.  (For  interpretation  of  the  ref¬ 
erences  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


profile  over  a  range  of  0.15-1.1  V  (Fig.  3a)  illustrates  that  the  (dis) 
charge  plateaus  occurring  at  0.6  V  represent  the  same  reaction. 
Similarly,  the  two  reactions  represented  by  the  successive  slopes 
centered  at  0.25  V  during  discharge  and  the  two  slopes  around 
0.37  V  during  charges  are  conjugated.  This  implies  that  the  third 
large  plateau  at  0.03  V  of  the  discharge  is  related  to  the  first  three 
plateaus  which  appear  at  0.09,  0.13  and  0.25  V  during  charge 
(Fig.  2b). 

A  series  of  experiments  were  performed  to  understand  the  role 
of  FEC  and  extent  of  lithiation  on  the  electrochemical  properties  of 
the  electrodes.  The  data  shows  that  the  FEC  additive  significantly 
limits  the  electrolyte  decomposition  in  the  first  and  subsequent 
cycles  over  the  range  of  0-1.1  V  (Fig.  2b),  as  well  as  over  the  range  of 
0.15-1.1  V  (Fig.  3a).  Extending  the  charge  cut-off  to  2  V  for  cycling 
from  0.15  to  2  V  (Fig.  3b)  does  not  induce  the  presence  of  a  plateau 
around  1.4  V  during  the  second  cycle,  which  indicates  that  the 
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Fig.  3.  Potential  profiles  of  indium  thin  film  electrodes  for  the  reaction  with  Li  in  an 
EC/DMC/FEC(5  wt%)  electrolyte  solution  at  a  current  of  50  pA  cm-2  from  (a)  0.15-1.1  V 
and  from  (b)  0.15-2  V.  Red  and  blue  curves  are  for  the  1st  and  2nd  cycles  respectively. 
(For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 


anomalous  electrolyte  decomposition  does  not  take  place  under 
these  conditions.  However,  it  is  particularly  interesting  to  note  that 
the  effectiveness  of  the  FEC  electrolyte  additive  in  hindering  the 
electrolyte  decomposition  is  limited  to  the  first  discharge  when  the 
discharge  cut-off  voltage  is  extended  to  0  V  and  the  first  charge  is 
conducted  up  to  2  V  (Fig.  4a).  Indeed,  the  electrolyte  decomposition 
represented  by  a  plateau  at  1.4  V  occurs  in  the  second  cycle  even  in 
the  presence  of  5  wt%  FEC  additive  (Fig.  4a). 

This  finding  is  rather  surprising  as  the  charged  state  from  which 
the  discharge  begins  is  generally  believed  to  dictate  the  anomalous 
electrolyte  decomposition  [26];  here,  however,  the  reaction  is 
influenced  by  the  extent  of  the  discharge  preceding  the  charge  at 
2  V  (Figs.  3b  and  4a).  In  the  case  of  Li-Sn  electrodes,  the  anomalous 
electrolyte  decomposition  was  proposed  to  result  from  the  for¬ 
mation  of  metallic  Sn  on  the  surface,  acting  as  catalyst  when  the 
charge  is  conducted  at  high  values  such  as  2  V  [26].  Restricting  the 
charge  cut-off  was  thought  to  result  in  the  presence  of  LixSn,  which 
would  not  catalytically  decompose  the  electrolyte  [26].  We  have 
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Fig.  4.  Potential  profiles  of  indium  thin  film  electrodes  for  the  reaction  with  Li  in  (a) 
5  wt%  FEC  and  (b)  13  wt%  FEC  electrolyte  solutions  at  a  current  of  50  pA  cm-2  from  0  to 
2  V.  Red  and  blue  curves  are  for  the  1st  and  2nd  cycles  respectively.  (For  interpretation 
of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 


shown  recently  for  Sn  cycled  with  Na  that  the  catalytic  decompo¬ 
sition  of  the  electrolyte  is  in  fact  related  to  oxidized  Sn  species  and 
not  metallic  Sn  [2].  Similarly  here,  as  the  surface  of  air-exposed 
indium  is  always  covered  by  an  oxide  (Fig.  lc),  it  is  not  surprising 
to  measure  the  electrolyte  decomposition  in  the  absence  of  FEC. 
Moreover,  it  is  interesting  to  observe  that  the  presence  of  5  wt%  FEC 
does  not  always  guarantee  the  suppression  of  the  anomalous 
electrolyte  decomposition  during  the  second  discharge.  In  addition, 
we  observed  that  the  presence  of  5  wt%  FEC  does  not  fully  suppress 
electrolyte  decomposition  during  the  first  discharge  if  the  surface  is 
highly  oxidized.  Films  stored  in  a  dry  air  purge  box  (O2  present) 
have  a  surface  composition  of  InOi.60  including  the  O  related  to  C 
surface  species  and  hydroxides,  or  InOo.90  excluding  these  other  O 
species.  Interestingly,  we  found  that  these  samples,  which  have  a 
thicker  surface  oxide  layer  compared  to  samples  stored  in  Ar 
(Fig.  lc),  as  well  as  samples  prepared  at  a  base  pressure  of 
2  x  10-6  Torr  or  more,  which  promotes  O  contamination,  system¬ 
atically  exhibited  the  anomalous  electrolyte  reaction  when  5  wt% 


FEC  is  used  (not  presented).  In  contrast,  films  stored  under  Ar  have 
a  surface  composition  of  InOo.95  including  the  0  related  to  C  surface 
species  and  hydroxides,  or  InOo.48  excluding  these  O  species,  and  do 
not  provoke  the  anomalous  electrolyte  decomposition  during  the 
first  discharge  when  5  wt%  FEC  is  used  (Fig.  2b).  These  results 
support  the  hypothesis  that  the  presence  of  a  larger  amount  of 
oxides  favors  the  catalytic  electrolyte  decomposition  even  in  the 
presence  of  5  wt%  FEC. 

It  is  intriguing  that  for  a  charge  cut-off  of  2  V  the  presence  of 
5  wt%  FEC  only  prevents  the  anomalous  electrolyte  decomposition 
when  the  discharge  cut-off  is  limited  to  0.15  V  (Figs.  3b  and  4a). 
When  the  discharge  is  limited  to  0.15  V,  the  amount  of  unreacted 
FEC  may  be  larger  compared  to  an  electrode  discharged  to  0  V.  In 
turn,  the  larger  amount  of  FEC  can  provide  protection  during  the 
following  cycles  when  discharges  are  restricted  to  0.15  V.  An  elec¬ 
trolyte  with  a  higher  amount  of  FEC,  i.e.  13  wt%  (Fig.  4b),  was 
applied  to  determine  if  the  presence  of  decomposition  during  the 
second  discharge  may  be  related  to  the  insufficient  concentration  of 
FEC.  During  the  cycling  from  0  to  2  V,  the  electrochemical  profiles 
measured  during  several  cycles,  of  which  the  first  two  are  reported 
in  Fig.  4b,  confirm  that  the  larger  amount  of  FEC  provides  suitable 
protection  during  cycling  from  0  to  2  V.  Flence,  we  suppose  that 
with  a  lower  concentration  (5  wt%),  the  majority  of  FEC  may  have 
been  consumed  during  the  first  discharge  to  0  V  and  that  the 
passivation  products  of  FEC  may  have  been  partially  removed  from 
the  surface  and  cannot  be  effectively  replaced.  After  an  electro¬ 
chemical  cycle,  the  increased  surface  area  (rougher  surface)  (Fig.  5) 


(a) 


(b) 

Fig.  5.  Surface  morphology  of  cycled  indium  thin  film  (~  0.8  pm)  electrodes  measured 
with  SEM.  Representative  SEM  photographs  of  charged  electrodes  (2  V)  after  1  cycle 
with  Li  from  (a)  0.15-2  V  and  (b)  0-2  V. 
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Fig.  6.  Surface  chemistry  of  charged  electrodes  (2  V)  after  1  cycle  with  Li  from  0.15  to  2  V  and  0-2  V.  Cls,  Ols,  FIs  and  Lils  XPS  high  resolution  core  level  spectra  for  pristine  and 
cycled  electrodes  (bottom  to  top).  In3d  core  level  spectra  are  for  ln203  powder,  pristine  film,  and  cycled  film  electrodes  (bottom  to  top). 


may  also  promote  the  consumption  of  FEC  as  well  as  favor  the 
electrolyte  reaction. 

The  reasons  for  the  decomposition  of  the  electrolyte  during  the 
second  discharge  when  using  5  wt%  FEC  have  been  further  explored 
by  studying  the  surface  morphology  using  SEM  and  the  surface 
chemistry  using  XPS  for  charged  electrodes  (2  V,  Li  free)  pre¬ 
discharged  with  different  cut-off  voltages,  i.e.  0  and  0.15  V.  The 
SEM  images  taken  for  each  electrode  after  one  cycle  are  shown  in 
Fig.  5.  Discharging  to  0.15  V  is  equivalent  to  the  reaction  of 
approximately  1.5  Li/In,  versus  4.33  Li/In  when  the  discharge  is 
conducted  down  to  0  V  (see  XRD),  corresponding  to  predicted  ex¬ 
pansions  of  83%  and  297%,  assuming  the  formation  of  Li3ln2  (PDF 
01-071-1338)  and  Lii3In3  (PDF  03-065-7421)  from  In  (PDF  01-085- 
1409),  respectively.  For  both  electrodes,  large  domains  of  several 
microns  are  visible  along  with  smaller  particles.  The  increased 
roughness  of  the  cycled  electrodes  over  that  of  the  pristine  material 
is  a  result  of  the  volume  changes  to  which  the  electrodes  were 
subjected.  The  texture  of  the  electrode  cycled  from  0.15  to  2  V  bears 
a  closer  resemblance  to  that  of  the  pristine  material  (Fig.  la),  evi¬ 
denced  by  the  presence  of  smoother  features.  Restricting  the 
discharge  at  0.15  V  significantly  lessens  the  volume  change  and 
therefore  does  not  alter  the  large  domains  as  much  as  when  the 
voltage  range  is  extended  to  0  V,  during  which  the  reaction 


proceeds  to  its  full  extent.  It  is  clear  that  the  surface  area  increases 
significantly  compared  to  the  pristine  material,  possibly  supporting 
further  that  a  sufficient  amount  of  FEC  is  essential  to  protect  the 
surface  effectively.  Flowever,  it  is  not  obvious  that  the  difference  in 
surface  area  or  particle  morphology,  based  on  the  size  and  shape  of 
the  domains,  is  significant  enough  to  explain  the  difference  in 
electrolyte  decomposition  between  the  discharges  at  0.15  and  0  V. 

The  surface  chemistry  of  these  charged  electrodes  (2  V)  has  been 
studied  by  XPS  (Fig.  6)  to  unravel  the  possible  origins  of  the  elec¬ 
trolyte  decomposition  when  cycling  with  FEC  from  0  to  2  V.  Anal¬ 
ysis  of  the  XPS  results  for  the  In3d  core  level  spectra  shows  a 
significant  difference  in  the  intensity  of  the  signals,  with  less  in¬ 
dium  measured  on  the  surface  for  the  electrode  cycled  from  0  to 
2  V.  Concomitantly,  the  solid  electrolyte  interphase  (SEI)  products 
(carbonates,  carboxylates/esters,  ethers)  are  in  somewhat  larger 
quantity,  as  visible  from  the  Cls  and  Ols  signals.  The  presence  of  a 
larger  amount  of  electrolyte  products  likely  results  from  the 
application  of  the  more  negative  (reducing)  discharge  potential  of 
0  V.  Moreover,  in  both  cases  the  presence  of  LiF  and  LixPOyFz  species 
is  evidenced  by  the  Lils  and  FIs  signals.  LiF  can  result  from  the 
decomposition  of  LiPF6  or  FEC,  whereas  LixPOyFz  comes  from  the 
reaction  of  LiPF6.  Interestingly,  the  indium  spectra  show  small  but 
significant  differences.  In  the  case  of  the  electrode  cycled  from  0.15 
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Fig.  7.  Potential  profiles  of  indium  thin  film  electrodes  for  the  reaction  with  Na  at 
10  pA  cm-2  in  (a)  PC  (b)  PC/FEC  (5  wt%)  electrolyte  solutions.  Red  and  blue  curves  are 


to  2  V,  indium  has  mostly  a  reduced  (In^-Li)  character,  as  sup¬ 
ported  by  the  In3d  binding  energy  around  442  eV  lower  than  that 
expected  for  the  metal  (443.3  eV),  as  well  as  the  presence  of  the 
In3d5/2  shake-up  satellite  now  around  454  eV.  Additionally,  the 
electrode  shows  a  small  proportion  of  metallic  In-In,  as  charac¬ 
terized  by  a  shoulder  around  443.3  eV  in  In3d5/2.  The  electrode 
cycled  from  0  to  2  V  also  presents  features  for  reduced  In^-Li  and 
metallic  In-In  species.  However,  it  displays  signals  at  unusually 
high  binding  energies  as  well,  around  445  eV  for  In3d5/2  and 
452.5  eV  for  In3d3/2.  These  signals  arise  from  an  oxidized  In3+ 
species  which  may  be  responsible  for  the  catalytic  decomposition 
of  the  electrolyte  when  cycling  from  0  to  2  V.  The  environment  of 
these  In3+  species  cannot  be  O2-  only,  and  may  be  related  to  OH~  or 
F_  ligands,  evidenced  at  binding  energies  of  445  eV  or  higher 
[28,29].  The  formation  of  oxidized  species  is  similar  to  what  was 
measured  for  Na-Sn  electrodes,  which,  after  a  full  charge  at  2  V, 
showed  the  presence  of  Sn4+  species  responsible  for  the  anomalous 
electrolyte  decomposition  [2].  Aging  at  2  V  for  17  h  allowed  the 
oxidized  surface  species  to  relax  to  lower  oxidation  states,  and  the 
electrolyte  decomposition  was  concomitantly  suppressed  [2]. 
Although  these  oxidized  species  can  explain  here  the  origin  of  the 
electrolyte  decomposition,  it  is  not  clear  why  these  species  would 
be  present  only  when  discharging  to  0  V. 

3.2.  Electrochemical  reaction  of  indium  with  Na 

The  electrochemical  profile  of  cells  containing  Na  with  a  PC- 
based  electrolyte,  cycled  from  0  to  2  V,  is  dominated  by  a  plateau 
at  0.9  V  (Fig.  7a)  during  discharge,  due  to  electrolyte  decomposition 
[2,26].  As  measured  with  Li,  incorporating  the  FEC  additive  notably 
limits  this  reaction.  A  small  plateau  at  0.9  V  is  still  visible  during  the 
first  discharge,  but  it  does  not  detrimentally  affect  the  rest  of  the 
profile.  In  addition,  cycling  from  0  to  2  V  does  not  result  in  the 
presence  of  an  anomalous  plateau  around  0.9  V  during  the  subse¬ 
quent  cycles  even  with  a  discharge  cut-off  of  0  V.  This  difference 
with  Li  is  likely  related  to  the  large  difference  in  volume  expansion 
due  to  the  concentration  of  inserted  Li  and  Na.  Assuming  the  for¬ 
mation  of  Lii3ln3  (see  XRD  results),  the  volume  expansion  with  Li 
amounts  to  297%.  In  contrast,  since  the  reaction  with  Na  is  limited 
to  70-125  mAh  g_1  depending  in  the  cycle  number  (Fig.  7b  and  c),  a 
much  lower  volume  expansion  is  expected  (37-65%,  assuming  a 
linear  relationship  between  the  amount  of  Na  and  the  electrode 
volume).  Due  to  this  lower  volume  change,  the  SEI  passivation  layer 
may  be  able  to  mechanically  cope  with  the  much  lower  volume 
expansion/shrinkage  such  that  the  electrode  surface  is  not  exposed 
at  full  charge  when  cycling  with  Na.  In  addition,  the  amount  of 
remaining  FEC  may  be  much  larger  as  the  storage  capacity  with  Na 
is  much  lower  and  the  discharge  potential  profile  is  significantly 
more  positive  than  with  Li.  Therefore,  FEC  additive  could  effectively 
passivate  the  surface  upon  long  cycling  even  when  the  charging  is 
conducted  up  to  2  V. 

For  the  first  cycle  with  Na,  the  potential  profile  is  character¬ 
ized  during  discharge  by  the  small  plateau  at  0.9  V  as  well  as  a 
larger  plateau  at  0.34  V;  upon  charging,  there  is  a  single  plateau 
around  0.44  V  (Fig.  7b).  Interestingly,  during  the  second 
discharge,  the  profile  is  characterized  by  two  plateaus,  one  at 
0.38  V  and  the  other  at  0.31  V  (Fig.  7b).  Upon  cycling,  the 
distinction  between  the  two  plateaus  at  0.38  V  and  0.31  V  be¬ 
comes  less  pronounced  until  the  fifteenth  cycle  where  they 


for  the  1st  and  2nd  cycles  respectively,  (c)  shows  the  evolution  of  selected  potential 
profiles:  red,  blue,  green  and  purple  curves  are  for  the  2nd,  5th,  10th,  and  15th  cycles, 
respectively.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 
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appear  seamless  (Fig.  7c).  As  will  be  discussed  later  with  XRD 
results,  the  reaction  of  indium  with  Na  is  severely  limited  such 
that  indium  persists  in  short  circuited  cells  placed  in  an  oven  at 
65  °C.  This  suggests  that  the  diffusion  of  Na  into  the  bulk  is 
severely  limited.  Another  interesting  feature  which  arises  upon 
cycling  is  the  increase  in  capacity.  The  capacity  increases  from 
about  75  mAh  g_1  in  the  second  cycle  to  125  mAh  g-1  in  the 
fifteenth  cycle  (Fig.  7c).  While  the  increase  in  capacity  is  signif¬ 
icant,  the  most  reversible  capacity  achieved  remains  far  below 
the  theoretical  capacity  of  467  mAh  g_1  for  the  In-Na  system 
assuming  the  formation  of  Na2ln  [18].  In  comparison,  a  reversible 
capacity  of  950  mAh  g-1  is  achieved  by  the  Li  cells  cycled  from 
0  to  1.1  V,  which  match  closely  the  theoretical  value  of 
1012  mAh  g_1  assuming  the  formation  of  Likins  [17].  The  in¬ 
crease  in  Na  capacity  is  possibly  related  to  an  improvement  of  the 
reaction  kinetics  due  to  the  formation  of  smaller  particles  with  a 
large  surface  area,  such  that  Na  can  penetrate  deeper  inside  the 
bulk  of  the  film  or  of  indium  particles  upon  repeated  cycling.  In 
addition,  an  improvement  of  the  reaction  kinetics  could  explain 
why  the  potential  of  the  second  plateau  increases  (Fig.  7c). 

3.3.  Comparison  of  overpotentials  during  charging  and  discharging 

The  potential  profiles  measured  using  a  low  constant  current 
and  quasi-equilibrium  GITT  are  compared  in  Fig.  8a  and  b  for  Li  and 
Na,  respectively.  The  CC  vs.  GITT  results  show  relatively  low  over¬ 
potentials  for  both  Li  and  Na,  particularly  while  charging.  However, 
an  increase  in  overpotential  is  clearly  visible  above  1  Li/In,  partic¬ 
ularly  from  1  to  1.75  Li/In,  which  may  indicate  a  kinetic  limitation 
for  diffusion  during  the  cation  insertion  reaction.  Interestingly,  this 
composition  range  corresponds  to  the  formation  of  unknown 
crystal  structures  (see  XRD).  For  Na,  the  larger  overpotentials  are 
dominant  at  capacities  over  40  mAh  g-1  when  the  second  plateau 
appears  (Fig.  8b).  The  relatively  small  overpotentials  during  cation 
removal  highlight  the  good  prospects  of  indium  for  high  rate  ap¬ 
plications  (see  later). 

3.4.  XRD  characterization  of  reaction  products 

The  reaction  mechanism  of  the  electrode  was  investigated 
during  discharge/charge  for  both  ion  systems  for  the  electro¬ 
chemical  positions  presented  in  Fig.  9.  The  corresponding  XRD 
patterns  obtained  with  Mo  Ka  radiation  are  presented  in  Fig.  10  for 
Li  and  Fig.  11  for  Na.  Mo  Ka  radiation  was  chosen  for  these  tests  as  it 
is  much  more  penetrating  than  Cu  Ka  and  enables  a  better  deter¬ 
mination  of  the  material  structure  when  using  Kapton  to  protect 
the  samples  during  ex  situ  measurements  [2].  The  reaction  of  In 
with  Li  at  high  temperatures  can  lead  to  the  formation  of  various 
phases  with  widely  varying  crystal  structures:  Lio.3Ini.7,  Liln,  Lisln^ 
Li3In2,  Li2In  and  Lii3In3  ([17],  PDF  database),  and  several  others  such 
as  tentatively  Liyln^  Liln3  and  Liyln,  for  which  no  crystallographic 
data  is  available  [17].  During  the  electrochemical  reaction  with  Li 
(Fig.  10),  the  material  formed  during  lithiation  at  0.7  V  is  nearly 
identical  to  the  pristine  film  with  very  similar  lattice  parameters 
(Table  SI).  At  this  position,  there  is  evidence  for  the  disappearance 
of  copper  indium  into,  likely,  Cu  and  LixI n.  After  the  plateau  at  0.6  V, 
indium  reacts  to  a  large  extent  to  form  Liln,  as  visible  on  the  pat¬ 
terns  collected  at  0.55  V  and  0.32  V.  In  both  cases  a  small  amount  of 
indium  remains,  with  the  amount  of  indium  being  less  in  the  latter 
case,  as  expected.  Further  lithiation  leads  to  the  formation  of  un¬ 
known  phases  at  0.25  and  0.15  V  17]  accompanied  with  the 
disappearance  of  Liln.  These  potentials  are  within  the  range  of 
composition  where  the  formation  of  Lisln4  could  be  expected 
(Fig.  9a),  though  not  evidenced,  and  where  the  increase  in  over¬ 
potentials  in  the  most  substantial  (Fig.  8a).  The  large  overpotentials 
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Fig.  8.  GITT  potential  profiles  (connected  markers)  during  the  reaction  with  (a)  Li  and 
(b)  Na.  The  constant  current  profiles  obtained  during  the  first  cycle  are  included  as 
reference  (red).  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


would  indicate  significant  kinetic  sluggishness  possibly  due  to  the 
formation  of  crystal  structures  with  higher  energy  barriers  for 
diffusion.  During  further  discharge  on  the  large  plateau  at  0.03  V, 
the  formation  of  Li2In  and  Lii3In3  phases  are  evidenced  (Fig.  10, 

Table  SI). 

We  discussed  earlier  that  the  plateau  at  0.03  V  obtained 
during  discharge  is  conjugated  with  three  plateaus  at  0.09,  0.12 
and  0.25  V  during  charge.  We  observe  that  during  Li-ion  removal 
the  reaction  proceeds  by  the  conversion  of  Lii3In3  into  Li2In  in 
two  stages  along  the  plateaus  at  0.09  and  0.12  V.  The  interme¬ 
diate  position  coincides  with  the  electrochemical  composition  of 
Li3In  but  no  crystallographic  data  is  available  for  such  a  phase. 
The  origins  of  the  two  plateaus  is  not  known  but  may  be  related 
to  the  removal  of  Li  from  different  crystallographic  sites  within 
Lii3In3,  ultimately  leading  to  the  formation  of  Li2In.  Further 
delithiation  on  the  plateau  at  0.25  V  leads  to  the  formation  of 
Li3In2.  The  rest  of  the  charge  is  characterized  by  the  formation  of 
Liln  followed  by  that  of  indium,  and  ultimately  copper  indium, 
which  was  initially  present  as  an  impurity.  These  results 
demonstrate  the  exceptional  reversibility  of  the  reaction.  As 
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Fig.  9.  Selected  positions  on  the  electrochemical  curves  for  XRD  characterization  (see 
Figs.  10  and  11).  Full  and  dashed  markers  correspond  to  positions  during  discharge  and 
charge,  respectively. 

during  discharge,  the  presence  of  Li5ln4  was  not  evidenced, 
however,  the  formation  of  Li3ln2  was  clearly  revealed  during 
charge.  We  suspect  that  this  phase  can  form  during  discharge  but 
we  did  not  capture  this  specific  position  during  our  ex  situ 
experiment.  In  summary,  all  Li-In  phases  with  known  crystal 
structures,  with  the  exception  of  Lisln^  have  been  evidenced  to 
form  during  the  electrochemical  reaction  with  Li. 

The  reaction  of  indium  with  Na  at  high  temperatures  can  lead  to 
the  formation  of  various  compounds:  Naisln27.4,  Naylnn.6,  Naln  and 
Na2ln  [18].  For  electrodes  cycled  with  Na  (Fig.  9b),  the  patterns  of 
the  electrode  discharged  at  0.36  V  during  the  first  cycle  (0.36  V  #1) 
before  the  plateau  occurs  shows  the  diffraction  lines  of  pure  indium 
(Fig.  11).  After  discharging  to  0  V  the  pattern  displays  strong  fea¬ 
tures  of  indium  with  one  weak  peak  related  to  an  unknown  crystal 
structure.  A  short-circuited  cell  placed  in  an  oven  at  65  °C  was  also 
characterized.  For  this  cell,  the  pattern  dominantly  shows  the 
diffraction  lines  of  indium  along  with  weak  peaks  for  Naln,  and 
peaks  related  to  the  unknown  phase.  Upon  charging  at  0.5  or  2  V, 
the  patterns  consist  of  the  reflections  of  pure  indium.  During  the 
second  discharge,  the  pattern  collected  at  0.36  V  (0.36  V#2,  in  be¬ 
tween  the  two  plateaus,  c.f.  Fig.  9b)  shows  the  diffraction  peaks  of 
indium  and  weak  peaks  corresponding  to  an  unknown  phase.  The 
weak  peaks  corresponding  to  the  unknown  phase  form  in  the  same 


positions  over  the  first  two  cycles  and  do  not  match  the  patterns  of 
Na7lnn.6  or  Nai5ln27.4.  In  addition,  no  evidence  for  the  formation  of 
Naln  or  Na2ln  is  found  at  room  temperature.  The  absence  of  for¬ 
mation  of  Na7lnn.6  or  Nai5ln27.4  may  be  related  to  the  complexity  of 
these  Zintl  phase  structures  [18].  At  65  °C,  however,  it  is  clear  that 
Naln  can  partly  form.  Overall,  the  results  support  that  the  electro¬ 
chemical  reaction  of  indium  with  Na  is  importantly  limited. 

Since  we  observe  that  the  extent  of  the  reaction  with  Na  pro¬ 
gresses  upon  cycling  at  the  same  electrochemical  potential 
(Fig.  7c),  we  do  not  think  that  the  thermodynamics  of  the  reaction 
limits  the  initial  insertion  of  Na  ions.  Moreover,  as  the  persistence 
of  indium  is  measured  for  cells  short-circuited  at  65  °C  for  40  h, 
we  suspect  that  the  reaction  is  hindered  by  very  slow  diffusion 
kinetics  of  Na.  The  phase  responsible  for  the  slow  diffusion  of  Na 
could  be  the  unknown  NaxIn  phase  that  forms  on  the  surface  of 
indium.  Analogously,  Cu6Sn5  readily  reacts  to  the  full  extent  with 
Li  but  has  a  very  limited  reaction  with  Na  due  to  the  larger  size  of 
Na  compared  to  Li  12]. 


Fig.  10.  XRD  patterns  obtained  during  (a)  discharge  and  (b)  charge  for  indium  thin  film 
electrodes  during  the  reaction  with  Li  at  the  various  positions  given  in  Fig.  9.  The  labels 
on  the  right  handside  indicate  the  electrochemical  positions  whereas  the  labels  on  the 
left  handside  correspond  to  the  identified  phases.  Refinements  of  the  corresponding 
lattice  parameters  are  given  in  Table  SI.  ()  and  (*)  correspond  to  Culn  and  Cu  diffraction 
lines. 
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Fig.  11.  XRD  patterns  obtained  during  discharge  and  charge  for  indium  thin  film 
electrodes  during  the  reaction  with  Na  at  the  various  positions  given  in  Fig.  9.  (a) 
shows  the  full  scale  and  (b)  is  a  magnification  of  the  low  angles  region.  The  labels  on 
the  right  handside  indicate  the  electrochemical  positions.  ()  and  (*)  correspond  to  Culn 
and  Cu  diffraction  lines.  Vertical  black  bars  are  for  Naln  reference  pattern. 


Although  it  apparently  severely  limits  Na  diffusion,  we  tested 
further  whether  the  NaxIn  phase  may  allow  Li  diffusion.  For  that 
purpose,  an  electrode  was  short-circuited  with  Na  for  60  h,  recov¬ 
ered  and  rinsed  with  Li  electrolyte.  The  cell  was  then  assembled 
with  Li  in  a  FEC-based  electrolyte.  A  stable  open  circuit  voltage  of 
0.79  V  vs  Li/Li+  was  measured,  which  is  equivalent  to  0.46  V  vs  Na/ 
Na+  assuming  0.33  V  voltage  difference  between  Li/Li+  and  Na/Na+. 
This  value  is  fairly  close  to  the  measured  equilibrium  potential  of 
0.42  V  (Fig.  8b)  and  supports  that  Na  is  present  inside  indium.  The 
voltage  profile  of  this  electrode  during  the  first  cycle  with  Li  shows 
features  not  only  attributed  to  the  reaction  of  indium  with  Li  but 
also  new  features  related  to  the  reaction  of  NaxIn  with  Li  (Fig.  12). 
For  instance,  a  discharge  plateau  is  now  evidenced  at  0.23  V  and 
several  new  charge  features  such  as  a  plateau  at  0.37  V,  a  slope 
around  0.55  V  and  a  plateau  near  0.8  V  are  measured  (Fig.  12).  In 
contrast,  the  profile  during  the  second  cycle  is  very  close  to  what  is 
obtained  for  pure  In  cycled  with  Li  (Fig.  2b).  The  discharge  plateau 
at  0.23  V  likely  represents  the  insertion  of  Li  in  the  NaxIn  phase. 


During  charge,  the  new  charge  features  are  thought  to  represent 
the  removal  of  both  Li  and  Na  ions.  This  claim  is  supported  by  the 
larger  charge  capacity  (ion  removal)  compared  to  the  discharge  (ion 
insertion)  measured  during  the  first  cycle  whereas  pure  indium 
normally  shows  of  a  larger  discharge  capacity  (Fig.  2b)  due  to  losses 
related  to  the  SEI  formation.  In  addition,  the  voltage  profile  during 
the  second  cycle  is  very  similar  to  that  of  pure  indium  during  the 
reaction  with  Li  (Figs.  2b  and  4b),  which  suggests  that  the  charged 
electrode  is  made  of  pure  indium.  Flence,  these  findings  support 
that  the  NaxIn  phase  formed  on  the  surface  of  indium  allows  Li 
diffusion,  and  other  experiments  (Figs.  7  and  11)  indicate  that  the 
NaxIn  phase  strongly  hinders  Na  diffusion.  Moreover,  the  results 
suggest  the  formation  of  ternary  Li-Na-In  phases,  as  indicated  by 
the  new  (dis)charge  features.  Further  work  is  required  to  explain 
the  structural  origins  of  the  limited  reaction  with  Na.  In  addition, 
theoretical  works  similar  to  that  conducted  on  Na-Si  by  Malyi  et  al. 
[10,11  could  provide  useful  insights  on  the  origins  of  the  limited 
reaction.  Finally,  the  exploration  of  the  Li— Na— In  ternary  diagram 
could  yield  the  discovery  of  exciting  new  structures. 

3.5.  Electrode  performance 

The  cycle  life  of  the  indium  thin  film  electrodes  is  presented  in 
Fig.  13a.  When  cycling  with  Li  from  0  to  1.1  V,  the  initial  capacity  of 
about  950  mAh  g-1  is  followed  by  a  sharp  decline  to  around 
100  mAh  g”1  after  15  cycles.  For  the  cycling  performed  with  Li  from 
0.15  to  1.1  V  or  2  V,  the  initial  capacity  is  much  lower  at  around 
300-350  mAh  g-1,  but  the  capacity  is  relatively  stable  for  about  15 
cycles.  The  following  capacity  fade,  after  20  cycles,  is  pronounced 
with  little  capacity  left  after  30  cycles.  When  cycling  is  performed 
with  Li  from  0  to  0.5  V,  the  initial  capacity  of  about  770  mAh  g'1  is 
retained  for  about  15  cycles  after  which  it  gradually  fades  to  about 
400  mAh  g^1  after  43  cycles  (out  of  plot  range).  The  improved  ca¬ 
pacity  retention  when  cycling  from  0  to  0.5  V  cannot  be  explained 
by  a  significantly  smaller  volume  expansion  as  this  voltage  range  is 
responsible  for  the  exchange  of  3.33  Li/In,  as  the  range  0—1.1  V 
accounts  for  4.33  Li/In  and  the  range  0.15-1.1  or  2  V  corresponds  to 
1.5  Li/In  (see  XRD  data).  Two  potential  explanations  are  that  pre¬ 
venting  the  formation  of  Liln  by  limiting  the  charge  at  0.5  V  avoids 
the  repeated  transformation  of  cubic  Fd-3m  Liln  into  tetragonal  14/ 
mmm  In,  which  may  be  mechanically  detrimental.  It  could  also  be 
that  the  repeated  electrolyte  reduction/oxidation  reactions  are  not 
as  pronounced  if  charging  is  restricted  to  0.5  V.  Indeed,  it  is  known 
that  the  SEI  can  reversibly  partly  oxidize,  as  shown  on  other  Li  and 
Na-based  thin  film  electrodes  at  higher  potentials  [2,4,14,15]. 
Restricting  at  0.5  V  could  thereby  improve  the  stability  of  the 
electrode/electrolyte  interface. 

During  galvanostatic  cycling  with  Na  from  0  to  2  V  (Fig.  13a),  the 
initial  capacity  slowly  increases  from  about  70  mAh  g_1  to 
125  mAh  g”1  over  20  cycles,  but  then  experiences  a  sharp  decline 
over  the  following  cycles.  When  CCCV  cycling  is  performed  from 
0  to  2  V  (10/1  pA  cm-2)  on  a  thinner  electrode  (0.2  pm)  to  try  to 
maximize  the  reaction  extent,  the  initial  capacity  of  120  mAh  g-1  is 
held  for  10  cycles  after  which  it  fades  to  about  30  mAh  g-1  over  the 
next  20  cycles.  The  application  of  CCCV  with  a  cut-off  current  of 
1  pA  cnrr2  allows  for  a  much  longer  reaction  time,  and  the  use  of  a 
thinner  electrode  results  in  much  shorter  diffusion  distances.  These 
conditions  suppress  the  capacity  increase  found  when  measuring 
with  constant  currents,  thereby  confirming  the  reaction  hindrance 
due  to  limited  kinetics,  particularly  diffusion,  during  the  reaction 
with  Na.  Nevertheless,  the  application  of  CCCV  is  not  sufficient  to 
provide  a  capacity  closer  to  the  theoretical  value. 

The  rate  performance  of  ion  removal  from  fully  discharged 
(lithiated  or  sodiated)  In  thin  film  electrodes  is  presented  in  Fig.  13b 
for  Li  and  in  Fig.  13c  for  Na.  The  reaction  kinetics  of  Li-ion  removal 
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Fig.  12.  Potential  profiles  of  an  indium  thin  film  electrode  (0.6  pm)  short-circuited  for 
60  h  with  Na,  recovered  from  the  coin  cell  and  rinsed  with  Li  electrolyte,  and  measured 
with  Li  at  30  pA  cm-2  in  the  EC/DMC/FEC  (5  wt%)  electrolyte  solution.  First  and  second 
cycles  are  shown  in  red  and  blue,  respectively.  (For  interpretation  of  the  references  to 
colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


are  very  high,  with  nearly  100%  of  the  maximum  capacity  retrieved 
at  10  C  and  more  than  75%  recovered  at  100  C,  corresponding  to  a 
charge  in  less  than  30  s.  The  plateau  present  at  0.6  V  for  low  cur¬ 
rents  is  expected  near  the  limit  of  1  V  set  during  the  measurement 
at  100  C  and  it  is  reasonable  to  expect  that  100%  of  the  capacity 
could  be  retrieved  at  this  high  current  if  the  charge  cut-off  would  be 
extended  up  to  1.5  V.  The  increase  in  overpotentials  is  around 
0.03  V  at  0.1  C,  0.1  V  at  10  C,  and  0.5  V  at  100  C  (Fig.  9b).  The  reaction 
kinetics  of  Na-ion  removal  are  quite  good,  with  about  80%  of  the 
maximum  capacity  retained  at  30  C.  The  increase  in  overpotentials 
is  around  0.02  V  at  0.1  C,  0.1  V  at  10  C,  and  0.2  V  at  30  C  (Fig.  13c). 
However,  there  is  a  remarkable  increase  and  decrease  of  potential 
at  the  very  beginning  of  the  discharge,  similarly  to  what  is 
measured  on  pure  Sb  [4]  and  possibly  attributed  to  limited  nucle- 
ation/growth  processes  hindered  by  Na  solid-state  diffusion.  The 
application  of  larger  currents  such  as  100  C  was  therefore  limited  as 
the  cut-off  of  1  V  was  immediately  reached.  In  order  to  verify  that 
the  rate  performance  is  not  influenced  by  the  decrease  in  capacity 
retention  from  cycling,  the  potential  profiles  measured  at  the 
lowest  current  (0.1  C)  following  the  rate  test  can  be  compared  with 
the  initial  potential  profiles  performed  at  the  same  current  value. 
For  Li,  the  two  profiles  line  up  very  well,  confirming  that  the  in¬ 
fluence  of  cycling  on  the  rate  performance  is  negligible  (Fig.  13b). 
Similarly  for  Na  the  voltage  of  the  plateau  voltage  is  the  same, 
however,  there  is  an  increase  in  capacity  for  the  profile  obtained 
after  the  rate  test  (Fig.  13c).  As  discussed  earlier,  electrodes  tested 
with  Na  experience  an  increase  in  capacity  with  cycling. 

The  electrodes  cycled  with  Li  over  the  voltage  ranges  0.15  to 
1.1  V  (28  cycles),  0.15-2  V  (29  cycles),  0-0.05  V  (43  cycles),  and 
0-1.1  V  (26  cycles)  from  Fig.  13a  have  been  further  studied  by 
characterizing  their  surface  morphology  using  SEM  (Fig.  14).  For 
the  electrodes  cycled  from  0.15  to  1.1  V  and  0.15-2  V,  the  surface 
of  the  film  appears  to  be  populated  almost  exclusively  by  small 
particles  (Fig.  14a  and  b).  The  electrode  cycled  from  0  to  0.5  V 
shows  what  appear  to  be  the  beginnings  of  similar  granulation 
but  also  larger  domains  and  smooth  features  reminiscent  of  the 
starting  material  (Fig.  14c).  This  appearance  could  be  a  result  of 
the  fact  that  the  electrode  material  cycled  from  0  to  0.5  V  and 
charged  to  1.1  V  did  not  undergo  a  “grinding”  process  induced  by 
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Fig.  13.  (a)  Capacity  retention  of  indium  thin  film  electrodes  during  the  reaction  with 
Li  and  Na,  for  various  cut-off  voltages.  For  the  cycling  with  Li,  films  of  ~0.8  pm  were 
selected.  For  cycling  with  Na,  the  electrode  galvanostatically  cycled  (CC)  was  1.3  pm 
whereas  the  electrode  subjected  to  CCCV  was  0.2  pm.  Rate  performance  of  indium  thin 
film  electrodes  during  the  reaction  with  (b)  Li  (0.6  pm)  and  (c)  Na  (0.5  pm). 
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Fig.  14.  Morphological  properties  of  cycled  indium  thin  film  electrodes  measured  with  SEM.  Representative  SEM  photographs  of  indium  thin  film  electrodes  after  cycling  with  Li 
from  (a)  0.15-1.1  V,  (b)  0.15-2  V,  (c)  0-0.5  V,  and  (d)  0—1.1  V,  corresponding  to  the  cycled  electrodes  results  presented  in  Fig.  12a.  In  the  case  of  the  electrode  cycled  from  0  to  0.5  V, 
a  charge  to  1.1  V  was  applied  before  SEM  inspection. 


the  repeated  (de)insertion  electrochemical  reaction  as  profound 
as  for  the  other  electrodes,  as  suggested  by  its  larger  remaining 
capacity.  For  the  electrode  cycled  from  0  to  1.1  V  (Fig.  14d),  the 
particles  are  much  larger  with  what  appear  to  be  deeper  cracks 
in  the  surface  and  are  associated  with  the  faster  decline  in  ca¬ 
pacity.  All  electrodes  materials  show  important  signs  of  charging 
effects,  which  suggest  that  the  agglomerated  masses  are  not  well 
connected  electronically  and/or  are  passivated  by  significant 
quantities  of  insulating  products  from  the  SEI.  From  these  results, 
it  is  clear  that  the  morphology  of  the  starting  films  (Fig.  la)  has 
been  significantly  altered  during  repeated  cycling,  and  the  effect 
of  applying  various  cut-off  voltages  result  in  the  formation  of 
different  film  morphologies  influenced  by  the  specific  reaction 
pathways  associated  with  the  cut-off  voltages. 

4.  Conclusions 

The  electrochemical  and  structural  properties  of  pure  indium 
thin  film  anodes  have  been  investigated  with  respect  to  Li  and  Na 
ion  chemistries.  The  reaction  is  severely  limited  by  the  anoma¬ 
lous  electrolyte  decomposition  if  no  electrolyte  additives  are 
employed.  Using  5  wt%  FEC  suppresses  the  anomalous  side  re¬ 
action  during  the  first  cycle  with  Li  but  does  not  prevent  the 
reaction  upon  further  cycling  if  conducted  from  0  to  2  V.  If  the 
reaction  is  restricted  from  0.15  to  2  V  or  form  0—1.1  V,  the 
anomalous  side  reaction  is  suppressed.  Based  on  XPS  findings,  we 
attribute  the  anomalous  electrolyte  decomposition  to  the  cata¬ 
lytic  role  of  native  surface  oxides  for  the  pristine  electrode  cycled 
without  FEC  additive.  When  using  5  wt%  FEC,  In3+  species  formed 
during  the  cycle  at  0-2  V  may  be  responsible  for  the  electrolyte 
decomposition.  Restricting  the  charge  at  1.1  V,  limiting  the 
discharge  to  0.15  V,  or  using  a  larger  quantity  of  FEC  effectively 
suppresses  the  electrolyte  decomposition  upon  further  cycling. 
For  Li-ion  batteries,  indium  anodes  offer  good  storage  capacity  of 
950  mAh  g_1  associated  with  the  formation  of  Lii3In3,  close  to  the 
theoretical  value  of  1012  mAh  g-1.  The  storage  capacity  for  Na- 
ion  batteries  is  significantly  less  at  125  mAh  g  \  little  more 
than  a  fourth  the  theoretical  value  of  467  mAh  g-1.  In  the  case  of 


Li,  the  indium  thin  films  can  deliver  high  rate  capability  with 
nearly  100%  of  the  maximum  capacity  retrieved  at  10  C  and  more 
than  75%  recovered  at  100  C.  In  the  case  of  Na,  moderately  good 
rate  capability  can  be  obtained  with  about  80%  of  the  maximum 
capacity  retained  at  30  C. 
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